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1.  Introduction,  objectives,  and  early  flndings 

The  original  project  goal  was  to  develop  sources  of  heavy  ions  for  space  propulsion, 
based  on  Taylor  cones  of  heated  ionic  liquids  (ILs).  Initially  we  did  not  know  whether  or 
not  ILs  would  be  able  to  operate  in  the  purely  ionic  regime  (PIR)  of  emissions  (no  drops), 
but  we  expected  that  they  would  when  heated  sufficiently.  This  point  was  confirmed 
experimentally  for  a  group  of  ILs  including  several  relatively  heavy  substances  [5,  14, 
16].  Work  with  the  most  interesting  among  these  ILs,  EMI-(C2F5S02)2N  [EMI  =  1-ethyl- 
3-methylimidazolium],  has  already  been  published  [5],  with  details  on  the  experimental 
setup  and  the  means  to  heat  up  the  liquid.  Also  published  are  the  temperatures  at  which 
PIR  sets  in  for  other  ILs  [10],  which  are  reproduced  in  Table  1  together  with  other 
physical  properties  of  the  ILs  studied.  Details  of  these  measurements  are  included  in  a 
relatively  inaccessible  Senior  Thesis  [14],  but  will  be  published  soon  [16].  Some  of  the 
relevant  time  of  flight  mass  spectra  (TOF-MS)  are  included  in  Figure  1.  The  charged 
particle  beam  produced  by  the  Taylor  cone  is  interrupted  at  time  t  =  0,  and  the  current  I 
received  by  a  collector  located  a  distance  L  downstream  is  then  monitored  as  a  function 
of  t.  The  various  steps  in  the  I(t)  curves  shown  in  Figure  1  yield  the  velocity,  hence  the 
energy  and  mass  over  charge  of  the  various  ions  and  charged  drops. 


Table  I:  Ionic  Liquids  studied  in  [14],  including  key  physical  constants  and  the 
temperature  Tpir  at  which  their  Taylor  cones  achieve  the  purely  ionic  regime,  y  =  surface 
tension;  p  =  density;  K  =  electrical  conductivity _ _ _ _ 


Liquid 

y 

(dyn/cm) 

P  3 

(g/cm^) 

P 

(cP) 

K 

(S/m) 

TpiR 

CC) 

EMI-BF4 

45.2(230 

1.24 

38 

1.4 

<23 

EMI-CF3SO3 

35.8(230 

1.38 

45 

0.86 

~23 

EMl-Tf2N 

34.9" 

1.52 

34 

0.88 

<82 

EMI-(C2F5S02)2N 

31.2" 

1.6" 

61 

0.34 

<119 

EMI-(CF3S02)3C 

32.4" 

1.496" 

195 

0.13 

<216 

BMI-(C2F5S02)2N 

27.6" 

1.425" 

<204 

DMPI-(C2F5S02)2N 

29.7" 

1 .506" 

<212 

DMPI-(CF3S02)3C 

37.8" 

1.55" 

726 

0.046 

None 

Cyphos-Tf2N 

27.4" 

1.021" 

None 

Cyphos-N(CN)2 

29.2" 

0.987" 

None 

PMI-PF3(C2F5)3 

33.3" 

1.59 

88.4 

0.166 

<  157 

Cations:  EMI  =  l-ethyl-3-methyIimidazolium;  DMPl  =  l,z-climetnyl-3- 

propylimidazolium;  BMI  =  l-butyl-3-methylimidazolium;  PMI  =  l-Methyl-3- 
pentylimidazolium;  Cyphos  =  trihexyltetradecylphosphonium.  Anions:  Tf2N  = 
(CF3S02)2N'.  ^  Rough  measurements  without  drying  precautions. 


A  key  early  discovery  was  that  a  few  exceptional  ILs  reached  PIR  even  at  room 
temperature  (see  two  top  liquids  on  Table  1).  This  finding  has  been  published  in  two  full 
articles  from  our  group  [I,  3],  which  have  led  to  numerous  confirmations  by  others,  and 
to  a  considerable  level  of  general  interest.  It  has  redirected  much  of  our  own  research  and 
that  of  other  groups  working  on  electrospray  propulsion.  These  more  mature 
developments  will  be  discussed  in  section  2. 
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1.1  Findings  relating  to  colloidal  propulsion 

Figure  1  summarizes  the  main  regimes  of  operation  of  Taylor  cones.  To  the  right  one  sees 
the  colloidal  propulsion  region,  and  to  the  left  the  purely  ionic  region. 


10^  10^  10“*  10  ’  10^  10^  10* 


m/z  (Dalton) 

Figure  2;  mass  over  charge  ranges  offered  by  existing  propellants,  including  glycerol,  formamide  and 
ionic  liquids  (room  temperature  molten  salts).  The  gap  below  10^  Dalton  may  currently  be  covered  only 
at  limited  propulsion  efficiency  in  the  mixed  regime,  where  both  ions  and  drops  are  produced. 
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Colloidal  propulsion  relies  on  the  production  and  electrostatic  acceleration  of  charged 
drops  from  Taylor  cones  of  electrolytes  held  in  a  vacuum.  It  tends  to  produce  higher 
thrust  levels  than  PIR,  but  with  modest  specific  impulses.  Our  initial  work  on  colloidal 
propulsion  has  covered  three  wide  areas. 

A:  General  theory  of  cone  jets.  The  main  contribution  was  through  work  of  consultant  Dr. 
Leonid  Chemey,  who  made  a  most  valuable  contribution  to  the  determination  of  the  point 
of  jet  breakup  of  Taylor  cone-jet.  This  fixes  the  size  of  the  drops  produced.  Cherney’s 
work  remains  unpublished,  but  its  essence  has  been  recently  reviewed  by  the  PI  [9; 
section  4.6]. 

B:  Increasing  the  specific  impulse  and  propulsive  efficiency  of  colloidal  propulsion.  The 
highest  specific  impulse  attainable  with  colloidal  propulsion  is  limited  by  the  onset  of  ion 
evaporation,  which  rapidly  reduces  propulsion  efficiency.  Our  goal  was  to  delay  this 
limiting  phenomenon  to  smaller  and  smaller  drops.  It  was  achieved  by  selection  of 
electrolyte  ions  with  high  ionization  energy.  The  best  candidate  found  was  ammonium 
nitrate.  This  study  has  been  published  [2]. 

C:  understanding  the  transition  from  colloidal  to  ionic  emissions.  This  item  is  essential  to 
make  progress  in  understanding  PIR.  The  reason  is  that  a  lot  is  known  on  the  structure  of 
Taylor  cone-jets  in  the  absence  of  ion  formation,  hence,  the  rate  of  ionization  from  Taylor 
cones  where  ion  currents  are  small  compared  to  drop  currents  is  in  principle  predictable. 
Our  current  inability  to  explain  observations  under  such  simple  circumstances  evidently 
impairs  our  ability  to  understand  the  far  more  complex  PIR  problem.  Our  limited 
progress  along  this  line  has  been  submitted  for  publication  [8],  but  is  still  unpublished 
and  will  be  summarized  here.  The  most  singular  result  is  the  discovery  that  Taylor  cones 
of  certain  mixtures  of  the  low-volatility  organic  solvent  propylene  carbonate  (PC)  and  the 
ionic  liquid  EMI-TfiN  can  operate  continuously  from  the  purely  colloidal  regime  (drops 
only,  no  ions)  to  the  opposite  purely  ionic  regime  (Figure  3). 


Figure  3:  Representative  examples  of  TOF  distributions  from  mixtures  of  propylene 
carbonate  (PC)  and  EMI-TfzN  [denoted  EMIIm  in  the  figure]  and  PC.  Note  a  clean 
transition  from  a  purely  colloidal  to  an  almost  purely  ionic  behavior. 

Numerical  calculations  in  collaboration  with  Prof  F.  Higuera  permit  determining  the 
electric  field  on  the  surface  of  the  Taylor  cone,  which  together  with  conventional  ion 
evaporation  theory  leads  to  predictions  of  the  ion  current.  This  current  is  also  measured, 
but  comparison  between  theory  and  experiments  is  disappointing.  This  is  one  of  the  weak 
links  remaining  in  these  studies.  We  have  addressed  it  first  through  the  studies  of  Mr. 
Guerrero  [8],  then  through  those  of  Mrs.  Espina,  and  most  recently  through- those  of  Mrs. 
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Fasson.  The  later  study  has  developed  a  greatly  improved  technique  to  measure  very 
small  ion  current  levels,  which  will  permit  comparing  theory  and  experiments  under 
conditions  when  the  cone-jet  structure  is  essentially  unaffected  by  ion  evaporation  (and  is 
therefore  relatively  well  known).  This  effort  will  be  continued  under  a  new  AFOSR 
grant. 

2.  Advances  on  electrospray  propulsion  in  the  purely  ionic  regime  (PIR) 

Several  types  of  distinct  efforts  have  been  undertaken  here: 

2.1  Identification  of  new  ILs  suitable  for  PIR  operation 

This  effort  has  been  already  described  in  detail  in  several  conferences  and  Journal  articles 
now  in  press  or  ready  to  be  submitted  [10,  11].  A  first  relatively  successful  phase  was 
based  on  commercially  available  ILs,  as  summarized  in  Table  1.  A  second  phase  was 
based  on  a  $12,000  subcontract  with  the  manufacturer  of  ILs  Covalent  Associates.  This 
second  effort  did  not  produce  any  promising  new  IL,  but  had  a  positive  impact  on  the 
grant  through  the  interaction  with  Covalent’s  PI  Dr.  Victor  Koch.  A  third  phase  involved 
the  synthesis  at  Yale  of  a  new  class  of  exceptionally  conducting  ILs.  Table  II  (from  [10]) 
collects  the  main  results  from  this  effort. 


Table  II.  Some  characteristics  of  the  ionic  liquids  synthesized  by  Garoz  [I  S] 


Liquid 

MW 

(amu) 

P  3 
(g  cm'  ) 

^  1 

(dyn  cm  ) 

K 

(S/m) 

CH3NH3-COOH 

77.09 

L12±0.01 

2.9±0.3 

(CH3)2NH2C00H 

91.11 

L06±0.02 

6.7±0.9 

(CH3)3NH-C00H 

105.14 

L092±0.002 

3.8±0.8 

C2H5NH3-COOH 

91.11 

1.1  ±0.02 

43.8 

L4±0.1 

(C2H5)2NH2C00H 

119.17 

L02±0.02 

0.96±0.09 

(C2H5)3NHC00H 

147.23 

1.061  ±0.005 

1.04±0.09 

(C8H,7)3NHC00H 

399.71 

0.84±0.01 

0.014±0.001 

(C2H5)3NH-CF303S 

251.3 

L19±0.01 

0.46±0.06 

(CH3)2NH2-Tf2N 

L48±0.01 

0.61±0.04 

(C2H5)3NH-Tf2N 

L41±0.01 

0.52±0.06 

In  spite  of  the  exceptional  K  values  in  the  Table,  none  of  these  liquids  achieved  PIR 
operation.  However,  mixtures  of  these  materials  with  EMI-BF4  provided  additional 
important  clues.  As  summarized  in  Table  III,  mixtures  of  Et3NH-Tf2N  and  EMI-BF4 
showed  a  discontinuous  transition  between  the  mixed  regime  and  the  PIR. 

Table  III:  Characteristics  of  mixtures  of  Et3NH-Tf2N  +  EMIBF4  as  a  function  of  EMI- 
BF4  concentration. _ _ 


Vol  % 

0 

10 

30 

50 

60 

65 

70 

80 

100 

K(S/m) 

0.39 

0.53 

0.65 

0.66 

0.74 

0.72 

0.82 

0.99 

1.3 

Regime 

M 

M 

M 

M 

M 

M&PIR 

PIR 

PIR 

PIR 

M  =  mixed  regime;  PIR  =  purely  ionic  regime;  M&  PIR  means  that  both  regimes  are 
attainable  at  low  and  high  voltages,  respectively. 
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As  discussed  in  [10]  these  various  early  studies  suggested  that  PIR  operation  would 
require  not  only  a  high  electrical  conductivity  K,  but  also  a  relatively  high  surface  tension 
y.  This  realization  lead  to  a  fourth  phase  of  collaborations  with  groups  that  had  already 
synthesized  new  ILs  exhibiting  high  electrical  conductivity.  This  phase  included  first 
some  educated  guesses  of  which  conducting  ILs  would  also  have  high  surface  tension. 
Since  published  data  on  y  were  scarce,  we  developed  a  technique  to  accurately  measure 
surface  tensions  of  IL  based  on  the  very  small  samples  (Figure  4)  we  were  able  to  collect 
from  chemist  colleagues  (~0.1  cm^).  This  measurement  method  was  published  [7],  and 
led  to  the  identification  of  a  relatively  large  number  of  highly  promising  ILs.  Their  list 
was  also  reported  in  [7]  prior  to  their  systematic  testing  as  ion  sources  for  space 
propulsion. 


Figure  4:  Illustration  of  the  shape  of  the 
wetting  meniscus  at  the  liquid-glass 
capillary  interfaces  (internal,  top  and 
external,  bottom),  and  the  non-wetting 
meniscus  at  the  polypropylene  reservoir 
(bottom).  The  volume  of  sample  is  less 
than  0.1  cm^ 


Our  new  method  to  measure  surface  tensions  from  such  tiny  samples  gave  a  strong 
stimulus  to  our  ability  to  obtain  a  large  number  of  new  substances  from  collaborating 
chemists,  particularly  from  Japanese  scientists,  through  a  fruitful  interaction  with  Dr. 
Yoshida.  This  enabled  to  test  the  large  number  of  new  substances  included  in  Table  IV, 
in  addition  to  those  previously  reported  in  [7].  A  considerable  number  of  other  IL 
propellants  have  subsequently  reached  our  lab,  giving  rise  to  a  treasure  of  potentially 
outstanding  propellants.  This  list  is  the  more  remarkable  considering  that  18  months  ago 
only  two  ILs  capable  of  PIR  were  known 

Table  IV:  Surface  tensions  for  the  new  liquids  studied,  including  in  the  bottom  rows 
revisions  of  previously  reported  values  (From  reference  [10]).  _ 


l^iquid 

y(at  23°C) 
(dyn  cm"') 

P  3 

(gem  ) 

K 

(Sm') 

T,. 

CQ  ■ 

EMI-NbFe 

51.7 

1.67 

0.85 

-1 

EMI-TaFe 

51.3 

2.17 

0.71 

2 

EMI-F(HF)2  3 

48.0 

1.13 

10 

-65^ 

EMI-SbFft 

47.8 

1.85 

0.62 

10 

BMI-FeBr4 

47.1 

1.98 

-2 

BMI-N(CN)2^ 

46.6 

1.06 

1.1 

-10 

C6MI-FeBr4 

42.0 

1.86 

0.28 

Bdslull 

C6M1-N(CN)2^ 

40.5 

1.04 

0.51 

-90(T,) 

7 


CeMI-FeCU 

39.4 

1.33 

0.47 

-86(T,) 

C6MI-Au(CN)2 

39.3 

1.65 

0.081” 

13 

C8MI-FeBr4 

38.1 

1.74 

0.14 

-81(T,) 

CgMI-FeCU 

37.2 

1.28 

0.22 

-84(T,) 

C8MI-Au(CN)2 

36.0 

1.59 

0.056” 

-61(T,) 

EMI-GaCU 

48.6(50)'’’ 

1.53 

2.2 

11 

EMI-FeCU 

47.3(47.7)'’’*’ 

1.42 

2.0 

18 

BMI-GaCU 

43.6(41.5)'’ 

1.43” 

0.95” 

-88(T,) 

EMI-(C2F5S02)2N 

28.7*’ 

1.6” 

0.34 

-l(') 

PMI-(C2F5)3PF3 

30.3 

1.59” 

0.166 

<-50 

EMI-TfO 

38.3(39.2)'’ 

1.39 

0.86 

-9 

EMI-BF4 

45.2(44.3)“ 

1.24' 

1.36 

11 

EMI-Tf2N 

35.8(35.2)“ 

1.52 

0.88 

-1 

DMI-N(CN)2^ 

54.9(61.6)“ 

1.14 

3.6 

34  . 

^  Y  values  in  brackets  are  less  reliable  than  the  new  values.  **  21°C;  Rough 
measurements  without  drying  precautions.  **  See  Y.  Yoshida,  O.  Baba,  G.  Saito,  to  be 
submitted  to  J.  Phys.  Chem.  B.  *  Y.  Yoshida,  unpublished  data.  Fuller,  J.;  Carlin,  R. 
T.;  Osteryung,  R.  A..  J.  Electrochem.  Soc.  1997,  144,  3881-3886.  ®  R.  Hagiwara,  K. 
Matsumoto,  Y.  Nakamori,  T.  Tsuda,Y.  Ito,  H.  Matsumoto,  K.  Momota,  J.  Electrochem. 
Soc.  2003,  150  (12),  D195-D199.  Merck  home  page 

2.2  Testing  of  new  ILs  as  electrospray  ion  sources  for  electrical  propulsion 

The  systematic  testing  as  ion  sources  of  a  selected  group  of  the  many  new  propellants 
identified  has  been  reported  in  [11],  which  was  also  presented  at  AIAA’s  2006  joint 
propulsion  conference,  and  published  in  the  proceedings.  [11]  is  just  a  more  polished 
version  of  that  conference  paper.  The  main  conclusions  of  these  studies  are  summarized 
in  section  2.3  below. 

2.3  Basic  understanding  of  fluid  properties  required  for  PIR  operation 

The  main  conclusion  derived  from  our  many  tests  of  ionic  liquids  as  ion  sources  for 
electrical  propulsion  is  that  already  anticipated,  namely,  that  a  combination  of  high 
electrical  conductivity  and  high  surface  tension  is  desirable  for  optimal  operation. 
Perhaps  the  best  fuel  identified  to  date  is  EMI-GaCU,  but  several  others  are  comparable. 

2.4  Studies  on  the  role  of  the  ion  source  on  propulsive  performance 

Our  discovery  of  the  purely  ionic  regime  of  ILs  has  sparked  a  number  of  related  studies 
in  other  research  groups  (MIT,  Hanscom  Air  Force  Laboratory)  and  industry  (CAC, 
Busek).  Of  particular  note  has  been  the  discovery  by  Lozano  and  Martinez  Sanchez  at 
MIT  of  a  new  type  of  ion  source  based  on  an  externally  wetted  sharpened  and 
electrochemically  roughened  tungsten  needles.  This  source  is  refereed  to  as  ILIS  (ionic 
liquid  in  source).  According  to  our  MIT  colleagues,  this  source  is  able  to  produce  PIR 
beams  of  ILs  of  modest  surface  tension  or  electrical  conductivity.  Although  these  sources 
tend  to  yield  modest  ion  currents,  the  quality  of  the  beam  is  outstanding,  which  implies 
relatively  high  propulsion  efficiency.  In  view  of  the  potential  practical  importance  of 
these  sources,  we  have  collaborated  with  the  MIT  group  in  testing  them  with  a  wider 
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range  of  ILs,  and  comparing  them  with  conventional  sources  based  on  internally  fed 
capillary  tubes.  This  collaboration  was  undertaken  with  a  subcontract  to  MIT,  where  MIT 
provided  us  with  an  ILIS  ion  source  fitted  to  our  apparatus.  Our  first  results  were 
presented  at  the  joint  propulsion  conference  in  2006,  with  details  included  in  the 
proceedings  as  an  AIAA  paper.  This  reference  is  about  to  be  sent  for  journal  publication 
including  minor  polishing  details  [12],  with  main  conclusions  summarized  in  Figure  5. 
The  physical  properties  of  the  ILs  involved  are  collected  in  Table  V.  We  confirm  entirely 
the  conclusions  from  the  MIT  group,  and  note  in  addition  that  PIR  operation  at  23  “C  is 
viable  even  in  far  less  conducting  and  relatively  viscous  liquids  than  previously  imagined 
under  the  most  optimistic  conditions. 
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Figure  5.  Comparison  of  the  TOF  spectra  obtained  for  the  ILs  with  high  surface  tension 
and  high  electrical  conductivity  with  the  capillary  source  (left)  and  the  ILIS. (right). 

2.5  High  quality  ion  sources  in  the  KiloDalton  range. 
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An  extension  of  the  previous  striking  results  on  the  advantages  of  ILIS  sources  has 
recently  been  submitted  for  publication  [13].  In  it,  we  extend  prior  work  to  two  even  less 
conducting  ILs,  whose  special  interest  is  associated  to  the  relatively  high  mass  of  their 
cations  and  anions. 


Table  V:  Physical  properties  of  the  ILs  tested. 


Liquid 

y  (23“C) 
(dyn  cm'') 

p  (20“C) 
(g  cm'’) 

K  (25“C) 

(S  m-') 

(“C) 

EMI-GaCh 

48.6(50)“-'’ 

1.53 

2.2 

11 

EMI-N(CN)2 

42.6“ 

1.08 

2.8 

-12 

EMI-C(CN)3 

47.9“ 

1.11 

2.2 

-11 

21°C;  25°C.  Tg  is  the  glass  transition  temperature,  which  for  the  last  two  liquids  listed 
is  the  temperature  at  which  transformation  from  liquid  to  solid  occurs. 

Figure  6  summarizes  our  results,  showing  rather  sharp  steps  of  various  ions  emitted  in 
positive  and  negative  mode  for  the  ILs  C5MI-(C2F5)3PF3  and  (EM1-(C2F5S03)2N)  [C5MI 
=  l-methyl-3-pentylimidazolium].  The  emissions  are  purely  ionic,  though  they  include 
unusually  large  ion  clusters 


(C2F5)3PF3  (right),  and  EMI-(C2F5S02)2N  (left).  Top,  positive  electrospray;  bottom, 
negative  electrospray.  The  figure  shows  ion  currents  of  about  0.5  nA  at  masses  close  to 
2000  amu,  both  in  positive  and  negative  mode. 

3.  Conclusions 

A  five-year  effort  on  the  previously  virgin  subject  of  Taylor  cones  of  molten  salts  for 
electrical  propulsion  has  opened  up  a  rather  rich  field,  with  dozens  of  potential  IL 
propellants  offering  splendid  performance  in  a  wide  range  of  masses,  in  some  cases 
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reaching  well  above  1000  amu.  Although  the  basic  understanding  of  this  phenomenon  is 
still  fairly  incomplete,  it  is  already  clear  that  the  new  sources  have  advantages 
comparable  to  the  much  better  known  liquid  metal  ion  sources  (LMIS),  in  terms  of  beam 
quality,  narrow  energy  distribution  and  current  levels  in  the  range  of  microamperes.  The 
new  sources,  however,  outperform  LMIS  in  many  ways,  as  they  run  in  positive  and 
negative  polarity,  function  at  room  temperature,  and  offer  a  much  wider  range  of  masses 
and  chemical  composition.  Also,  ILs  are  generally  less  reactive  than  molten  metals,  and 
are  expected  to  form  less  contaminating  plumes. 
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4  Relevance/transitions 

There  is  to  date  no  commercial  effort  in  the  US  directed  at  the  kind  of  ion  propulsion 
explored  here  for  the  first  time,  although  its  apparent  superiority  over  the  European 
competitor  scheme  FEEP  (based  on  LMIS)  has  led  to  a  level  of  interest  on  the  part  of  the 
companies  Busek  Co.  Inc.  and  Connecticut  analytical  Corporation  (CAC).  The  AFOSR  is 
currently  supporting  several  Phase  II  SBIRs  in  this  field,  two  of  which  are  based  on  the 
IL  technology  developed  under  this  grant.  Busek  is  also  using  IL  based  colloidal  sources 
for  their  NASA  DR7  mission,  based  on  some  of  the  fuels  we  have  first  proposed  and 
characterized  as  part  of  this  research. 

Inventions 

The  following  invention  was  reported  formally  to  Yale  University,  and  led  to  a 
provisional  patent  application.  Subsequently,  Yale  decided  not  to  pursue  the  option  of 
applying  for  a  non-provisional  patent,  so  this  invention  has  now  become  public  domain. 

The  invention  is  not  directly  relevant  to  electrical  propulsion  because  the  salt  Dimethyl 
ammonium  formate  is  excessively  volatile. 

David  Garoz  and  Juan  Fernandez  de  la  Mora,  Dimethyl  ammonium  formate;  an  ionic 
liquid  with  an  exceptional  electrical  conductivity;  Provisional  patent  application 
submitted  to  USPTO,  2003 

Interactions:  The  PI  has  been  an  invited  speaker  in  two  special  session  on  ionic  liquids 
at  annual  meetings  of  the  American  Chemical  Society,  one  held  in  New  York,  the  other 
in  Atlanta  (2006).  This  has  provided  excellent  opportunities  to  interact  with  chemist 
experts  in  IL  synthesis. 

Collaborations:  The  visibility  of  our  work  under  this  program  has  been  most  beneficial 
for  its  progress,  as  it  has  elicited  the  interest  and  intellectual  support  from  a  number  of 
expert  colleagues  in  the  field  of  ionic  liquids.  Most  important  has  been  the  involvement 
of  Professor  John  Wilkes  (Air  Force  Academy,  Colorado  Springs),  one  of  the  leading 
world  experts  in  the  field.  We  have  received  also  strong  backing  from  the  company 
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Covalent,  a  leading  industrial  developer  of  ionic  liquids  in  the  US.  This  support  has 
involved  advise  on  new  syntheses,  and  gifts  of  some  of  the  most  interesting  commercial 
samples  we  have  tested.  Another  leading  supplier  of  ionic  liquids,  the  Canadian 
company  Cytec,  has  also  provided  us  with  many  samples  of  their  Cyphos  products. 
Colleagues  at  Kyoto  University  have  provided  the  largest  number  of  ILs  used.  Dr. 
Yoshida  has  been  the  leading  contributor  to  this  most  fruitful  collaboration.  Aside  from 
those  cited,  we  have  collaborated  closely  and  freely  exchanged  information  with  the 
MIT  group  of  Martinez  Sanchez,  Busek,  Connecticut  Analytical  Corporation  (Bethany, 
Connecticut),  and  the  group  of  Dr.  Dressier  at  Hanscom  Air  Force  Base 

Transitions:  The  use  of  Taylor  cones  of  ionic  liquids  run  in  the  purely  ionic  regime  has 
attracted  considerable  interest  in  the  short  time  following  our  first  related  report.  Busek 
and  CAC  have  current  Phase  II  STTR  projects  with  the  AFOSR  to  exploit  this  new 
phenomenon  for  developing  two-dimensional  thrusters.  Professor  M.  Martinez-Sanchez 
of  MIT  and  Dr.  R.  Dressier  (Hanscom)  have  been  using  our  ionic  liquids  already  for 
several  years.  Our  introduction  of  ionic  liquids  has  also  had  a  fair  influence  on  work 
carried  for  NASA.  For  instance,  Busek’s  large  effort  to  develop  the  thrusters  for 
NASA’s  disturbance  reduction  program  is  being  based  not  on  formamide  as  originally 
planned,  but  on  the  ionic  liquid  EMI-Tf20  which  we  first  introduced  in  the  propulsion 
context.  Work  carried  by  Connecticut  Analytical  for  NASA-JPL  was  also  based 
exclusively  on  ionic  liquids. 
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